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Abstract 
The process of post combustion CO2-capture by chemical absorption relies on large scale use of chemicals, typically amines in 
aqueous solution.  In such operations, emissions of amines may occur through the cleaned exhaust gas, as degraded solvent and 
as accidental spills. It is thus important that the chemicals used have low or no environmental effects. To check this, standard 
ecotoxicity and biodegradability tests for a marine environment were performed on more than 40 amines, including both solvents 
already in use for CO2-removal and new promising chemicals. The results form a database for environmental risk assessment of 
common absorption solvents and will be used to correlate chemical structure of the solvents to degradation and toxicity data for 
use in solvent screening. Some of the solvents used for carbon capture, have been shown to have low biodegradability. The 
tertiary amines which have been tested do not degrade easily, while the amino acids tested both have low toxicity and degrade 
easily. The fate estimation model EPI Suite™ [US EPA, Washington DC, USA] has also been used to estimate the 
biodegradation and toxicity of the chemicals. It was compared to the experimental results to investigate if this tool could be used 
for future solvent screening. For the biodegradability the predictions showed agreement with 48% of the tested compounds, while 
for ecotoxicity the predictions showed agreement with 66%.
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1. Introduction 
Amine based processes have been used commercially for removal of acid gas impurities from process gas stream, 
and is currently the most popular way to remove CO2 in industry[1]. For natural gas sweetening operations, typically 
alkanolamines like monoethanolamine (MEA), diethanolamine (DEA), and N-methyldiethanolamine (MDEA), as 
well as mixtures of alkanolamines are used. Capture by absorption relies on large scale use of chemicals and 
emissions of the solvent may occur through the cleaned exhaust gas, as degraded solvent and as accidental spills. It 
is thus important that the chemicals used have low or no environmental effect. In this work, the main focus is on 
emissions to the marine environment.  
 
An environmental assessment of the alkanolamines have been done by Davis and Carpenter [2], reviewing their 
potential for degradation as well as aquatic toxicology and bioconcentration potential. The alkanolamines were said 
to be highly susceptible to biodegradation and it was further stated that the toxicity was low for the majority of 
species. However, the assessment was based on soil and freshwater, not on the marine environment. Calamari et 
al.[3] conducted a series of biodegradation and ecotoxicity tests on 8 amines using three different inocula in aqueous 
solution, wherein two amines, tert-butylamine and morpholine, showed no degradation at all. The rest of the 
compounds - aniline, dimethylamine, diethylamine, di-n-butylamine, diisopropanolamine and cyclohexylamine – 
underwent degradation to some extent. Price et al. [4] performed biodegradation tests both in seawater and 
freshwater, however the bacterial content used in the tests was higher than that expected in the ocean. The amines 
tested were diethanolamine, diethylenetriamine, ethylenediamine and triethanolamine. In general the rate of 
degradation in the seawater biodegradation tests was found to be slower than in the freshwater system, and only the 
most degradable compounds from the freshwater system were tested. Diethylenetriamine was the only amine 
showing no degradation in freshwater, while ethylenediamine showed poor degradation in seawater. 
  
2. Experimental 
Two tests, a biodegradation and an ecotoxicity test, have been performed to determine the environmental fate of 
the chemicals in the marine environment. Biodegradation was determined by a marine biodegradation test, 
conducted according to the OECD guideline 306, “Biodegradability in seawater” [5]. The chemicals were diluted in 
normal seawater which had been aged for 3-5 days, and essential nutrients for the bacteria in the seawater were 
added. Seawater without chemicals was used for blank samples, and as a reference solution, aniline diluted in 
seawater was used. The solutions were distributed as duplicates in bottles with stoppers, and incubated in the dark 
for 28 days at 20 ± 2°C. A dissolved oxygen meter was used to measure the concentration of dissolved oxygen in 
solution: At the start of the experiment and after 5, 15 and 28 days bottles in each series with blank, test and 
reference solutions were removed for measurements. After measurment the bottles were discharged. The biological 
oxygen demand (BOD) was used as a measure for biodegradation. The BOD values were calculated as the 
difference in dissolved oxygen between solution with blank and test solutions, and the percentage of the theoretical 
oxygen demand (ThOD) was calculated. The method for estimating the theoretical oxygen demand is given in 
equation 1. Here c, h, cl, n, s, p, na and o are the numbers of carbon, hydrogen, chlorine, nitrogen, sulfur, 
phosphorous, sodium and oxygen atoms present, and MW is the molecular weight of the substance.   
 16 1 5 1[2 ( 3 ) 3 ]
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= + − − + + + +      Eq 1 
 
The ecotoxicity was determined by a marine phytoplankton test, conducted according to ISO/DIS guideline 
10253, using the alga Skeletonema Costatum [6]. The algae were inoculated in a concentration series of the 
chemicals, with triplicates of each concentration. The choice of test concentrations was based on a preliminary test 
with ten-fold dilutions of the test substance. As controls, algae were also inoculated to algal medium without test 
substance. All test tubes were incubated with agitation under constant light intensity (60-120 ȝE/sec/m2) and a 
temperature of 20°C for 72 hours. In vivo chlorophyll fluorescence was measured daily in a fluorometer, as the algae 
performs photosynthesis and contains chlorophyll. Growth rate were calculated by linear regression analyses of the 
logarithmic of algal growth curves for each concentration of chemical and for controls.  
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From these parameters the effective concentrations (mg/l) of test substance inhibiting algal growth by 50 % 
(EC50) relative to the control cultures, were calculated by 95 % confidence interval using the program TOXEDO 
[7]. Based on the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR 
Convention), the Norwegian Pollution Control Authority (SFT) has a minimum recommended value for the marine 
biodegradation test of 20%, while for the marine phytoplankton test the minimum value is 10 mg/l [8]. 
 
EPI Suite™ is an environmental fate estimation model developed by the EPA’s Office of Pollution Prevention 
Toxics and Syracuse Research Corporation (SRC)[9]. In Epi suiteTM the aerobic linear prediction model in BIOWIN 
was used to estimate the probability of a chemical biodegrading in the environment, while the EC50 value for the 96 
hour duration test with green algae in ECOSAR was used for predictions on ecotoxicity. BIOWIN uses a group-
contribution model to asess the biodegradability of a compound; the methodology and description of the groups are 
discussed by Howard et al.[10]. In BIOWIN a chemical is classified as biodegrading fast, if the value calculated for 
the compound by the linear model is above 0,5. ECOSAR is based upon the octanol/water partition coefficient 
(Kow) of the compound, used together with constants based on the class of the compound (including aliphatic 
amine). 
 
3. Results and discussion 
Experimental results are shown in figure 1 for the biodegradation and figure 2 for ecotoxiciy. The results varied 
considerably in both biodegradation and ecotoxicity tests, even though almost all of the species tested are amines 
and alkanolamines. In the biodegradation test the results varied from < 1% to 100 % biodegradability (median 21.3 
% biodegradability), while the Skeletonema test showed an EC50 range from 1.84 to > 10000 mg/L (median 198 
mg/L). Risk is a combination of persistence and toxicity after discharge of a chemical to the environment. In terms 
of environmental risks, low biodegradation (persistance) contributed more than ecotoxicity. The ecotoxicity was 
mostly above the preferred value of 10 mg/l. From figure 1 it can be seen that some of the amines commonly used 
for capture (MDEA, AMP, Piperazine), would have long persistence in the marine environment due to their low 
degradability. 
 
To check which functional groups of the chemical that influence the results, the chemicals were sorted according 
to amine type, and also according to the number of hydroxyl groups. Results are shown in figure 3 and 4, with 
biodegradability plotted against ecotoxicity, and significant variations in results were determined. All amino acids 
tested had a high biodegradability in combination with low toxicity, showing good environmental characteristics, 
and suggesting that this class of compounds were interesting from an environmental point of view. However, it 
should be taken into consideration that the tested amino acids are all known to be abundant in nature. Most of the 
tertiary amines tested had a low biodegradability, with the exception of N,N-dimethylethanolamine (DMMEA). 
Alkanolamines were shown to have toxicity between 10 and 1000 mg/l. It was also observed that all the amines 
having a quarternary carbon had low biodegradability, while the compounds with carbon chains of four were highly 
biodegradable. Compounds with ring structures typically showed the highest toxicity of the tested chemicals, with 
the exception of piperazine and 1-(2-hydroxyethyl)-piperazine.  
 
The group contribution model discussed by Howard et al.[10] suggests that compounds containing quarternary 
carbons and tertiary amines in general are poorly biodegradable, while compounds with carbonchains of four are 
more easily degradable. It is also expected that primary and secondary amino and hydroxyl groups are more 
degradable than tertiary amines and compounds containing quarternary carbon. Calamari et al. [3] found that the 
amino group and the linear alkyl chains were usually degraded by bacteria, while branched alkyl chains and etheric 
linkage gave some resistance to degradation. Aniline, containing a benzene ring with no other substitutes than an 
amino group was easily degraded. Tert-butylamine, with a branched chain, and morpholine, with an epoxidic group, 
showed no degradation. Diisopropanolamine, which is less branched than tertbutylamine, was partially degraded by 
bacteria adapted to the compound. In comparison, tertbutylamine and morpholine were not biodegradable in our 
study, however, neither was diisopropanolamine. Dimethylamine was found to be biodegradable in our study as well 
as by Calamari et al. [3].  
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In the study by Price et al. [4] it was found that diethylentriamine was not degradable in freshwater, 
ethylenediamine was poorly degradable in seawater, while diethanolamine and triethanolamine were degradable 
both in freshwater and in seawater. With an exception for triethanolamine, which in our study is not found to 
degrade, the results are consistent with our study.  
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Figure 1: The biodegradability of all the chemicals tested, results shown as percent degraded with regards to the theoretical oxygen demand 
(ThOD). The red line shows the lowest acceptable value for a chemical to be released in the marine environment, while the green line is the lower 
limit for a chemical to be released independent of  the ecotoxicity [8].  
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Figure 2: Results of the ecotoxicity testing, shown as concentration where compounds inhibited algal growth by 50% (EC-50). The blue line 
shows the lowest acceptable value (10 mg/l) for a chemical to be released in the marine environment [8]. 
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Figure 3: Biodegradability plotted against toxicity for the monoamines, sorted according to amine groups. 
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Figure 4: Biodegradability plotted against toxicity, sorted according to amino acid-group and the number of hydroxylgroups. 
 
The predictions from EPI Suite
TM 
compared with the test results are shown in figure 5 and 6. The linear 
prediction model for aerobic degradability in BIOWIN fails in classifying the non-biodegradable compounds. If the 
term “biodegrades fast” in BIOWIN is defined as an experimental BOD-value of 20% or more, 20 out of the 42 
tested compounds were classified correctly. While the groups employed in the group-contribution model agree with 
the results obtained in this study, the data base which the model is based on does not include biodegradation tests 
with pure seawater. As the model is now, it is not suitable as a screening tool for marine biodegradation studies. For 
ecotoxicity the results were better than for the biodegradation, but there were still large deviations.  
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The reproducability of the results from the ecotoxicity test was within the limits 0-10, 10-100, 100-1000 and 
1000-10000 mg/l. However, ECOSAR only predicted 27 out of 41 tested compound into the right category when 
using these limits. In general it seemed that the toxicity was over-predicted by the model. ECOSAR uses the 
octanol-water partition coefficient together with constants based on the class of chemical to calculate the 
predictions. Altough there seems to be a correlation between the octanol-water coefficient and toxicity, additional 
descriptors, or a different type of classification of the compounds, are required. It should also be taken into 
consideration that the test used in our studies  are based on 72 hours exposure, not on 96 hours, and the type of algae 
used is different.  
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Figure 5: Predicted aerobic biodegradability by the linear model in BIOWIN, as a function of experimentally determined biodegradability (BOD 
28). A chemical is classified as “biodegrades fast” by BIOWIN if the predicted value is above 0,5. For experimental BOD, a value above 60% 
means the chemical is defined as easily degraded, while a value above 20% is the minimum preferred value [8].   
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Figure 6: Predictet EC-50 values for green algae by ECOSAR as a function of experimentally determined EC-50 values for the algae Skeletonema 
Costatum.  
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4. Conclusion 
Ecotoxicity and biodegradability in the marine environment have been tested for 41 and 42 compounds 
respectively. Some of the solvents commonly used for carbon capture, such as N-methyldiethanolamine (MDEA), 
piperazine and 2-amino-2-methylpropanol (AMP), were shown to have low biodegradability. The tested tertiary 
amines and compounds containing quarternary carbon did not degrade easily, while the aminoacids both show low 
toxicity and high biodegradation potential. EPI SuiteTM was used to predict the biodegradability and ecotoxicity for 
the chemicals tested. For biodegradability the predictions only showed agreement with 48 %, while for the 
ecotoxicity the predictions showed agreement with 66 % of the tested compounds.  
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